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1. INTRODUCTION {#prp2437-sec-0001}
===============

Prostate cancer (PCa) has the highest incidence of male cancer in Europe and the second highest worldwide.[1](#prp2437-bib-0001){ref-type="ref"} Androgen deprivation therapy (ADT), including drug administration and surgery, has been routines to treat PCa. PCa patients initially are sensitive to ADT. However, in some patients, cancer relapses and progression to even more aggressive castration‐resistant prostate cancer (CRPC) eventually occurs.[2](#prp2437-bib-0002){ref-type="ref"} Studies show that most CRPC patients possess high level of androgen receptor (AR) and AR target gene expression, including prostate‐specific antigen (PSA). Mutated forms of constitutively active AR splice variants and activated proliferative pathways such as mitogen‐activated protein kinase and STAT3 signaling are common.[3](#prp2437-bib-0003){ref-type="ref"}, [4](#prp2437-bib-0004){ref-type="ref"}

AR protein, which drives CRPC development, consists of several distinct functional domains: a ligand binding domain (LBD), a short‐hinge region, a DNA binding domain (DBD), and an amino‐terminal domain (NTD).[5](#prp2437-bib-0005){ref-type="ref"} Several AR inhibitors are used clinically or entering clinical phase studies. Abiraterone (Abi) blocks androgen synthesis as a CYP17A1 inhibitor. VT‐464 and galeterone (TOK‐001) act as lyase inhibitors. Other AR antagonists target the AR LBD, such as enzalutamide (ENZ), ARN‐509.[6](#prp2437-bib-0006){ref-type="ref"} However, these AR inhibitors predominantly fail because of mutations in the LBD which create drug resistance.[7](#prp2437-bib-0007){ref-type="ref"}

The AR LBD is dispensable for transcriptional activity of AR because its deletion results in the constitutive activation of AR transcription.[8](#prp2437-bib-0008){ref-type="ref"}, [9](#prp2437-bib-0009){ref-type="ref"} It is reported that knockdown of full‐length AR (AR‐FL) in the 22Rv1 and CWR‐R1 models does not change the expression of AR target genes or androgen‐independent growth. Interestingly, knockdown of truncated AR variants inhibits both.[8](#prp2437-bib-0008){ref-type="ref"}, [10](#prp2437-bib-0010){ref-type="ref"}, [11](#prp2437-bib-0011){ref-type="ref"} Circulating tumor cells (CTCs) in metastatic CRPC (mCRPC) following ENZ and Abi resistance harbor high AR NTD expression and AR LBD loss according to the Epic Science platform.[12](#prp2437-bib-0012){ref-type="ref"} The strategy to target the AR NTD has potential to overcome resistance to current AR inhibitors that occur due to truncation (AR splice variants) or point mutations of the AR LBD.[6](#prp2437-bib-0006){ref-type="ref"}

Constitutively active AR splice variants with mutations in the AR LBD, such as ARv567 and AR‐V7, have been found in CRPC patients. Studies show that ENZ and Abi resistance associates with increasing levels of AR‐V7 and ARv567es mutants, in contrast to AR‐FL.[13](#prp2437-bib-0013){ref-type="ref"} ARv567es is a constitutively active receptor and contributes to mCRPC progression.[14](#prp2437-bib-0014){ref-type="ref"} As one of the most abundant and best characterized variants among more than 20 already clarified AR splice variants,[14](#prp2437-bib-0014){ref-type="ref"} AR‐V7 is suggested to be a predictive marker in primary tumors and as a prognostic factor in CRPC patients.[9](#prp2437-bib-0009){ref-type="ref"} Higher expression of constitutively active AR‐V7 was found in CTCs from CRPC patients.[9](#prp2437-bib-0009){ref-type="ref"}, [15](#prp2437-bib-0015){ref-type="ref"}, [16](#prp2437-bib-0016){ref-type="ref"}

The STAT3 pathway is essential to drive PCa progression to mCRPC, integrates with other signaling pathways to reactivate the AR pathway, and regulates interactions between tumor cells and the microenvironment.[17](#prp2437-bib-0017){ref-type="ref"}, [18](#prp2437-bib-0018){ref-type="ref"} reported that constitutively active STAT3 induced resistance to ENZ, and the JAK2 inhibitor AG490 could reverse ENZ resistance in LNCaP cells. Thus, it is promising to study STAT3 inhibitors as a therapeutic target for CRPC progression.

Here, we report the small molecule cinobufagin‐3‐acetate (compound 154 or 154), a natural product isolated from Traditional Chinese Medicine Chan′su (being made of the skin secretions of giant toads, including *Bufo gargarizans* and *B. melanostictus*), as a dual inhibitor of IL6/STAT3 and AR pathways, which (a) reduces AR and STAT3 transcriptional activity; (b) inhibits AR splice variants ARv567es and AR‐V7; (c) targets at the AR NTD rather than the AR LBD and affects the association between STAT3 and AR NTD.

2. MATERIALS AND METHODS {#prp2437-sec-0002}
========================

2.1. Cell culture and reagents {#prp2437-sec-0003}
------------------------------

All the cell lines used in this study are described in [Table S1](#prp2437-sup-0003){ref-type="supplementary-material"}. Human PCa cell lines LNCaP and 22Rv1 were purchased from the American Type Culture Collection (ATCC) and cultured in RPMI 1640 medium with 10% FCS. VCaP cells were from ATCC and maintained in Dulbecco\'s Modified Eagle\'s Medium (DMEM) medium containing 10% FCS. MCF7 and DU145 cells (ATCC) were cultured in DMEM medium with 10% FCS. EPT3‐M1‐STAT3 and EPT3‐PT1‐AR (6.3)[19](#prp2437-bib-0019){ref-type="ref"} were cultured in Ham\'s F‐12 medium with 10% FCS. EPT2D5‐miR146a cells were kept in MCDB medium (Biological Industries, Beit Haemek Ltd, Rehovot, Israel) supplemented with 200 nmol/L hydrocortisone, 1% minimum essential media nonessential amino acids solution, 5 μg/mL transferrin, 10 nmol/L triiodothyronine, 5 ng/mL EGF, 5 μg/mL insulin, 5 μg/mL sodium selenite, 100 ng/mL testosterone (Sigma Aldrich, St. Louis, MI), 50 μg/mL bovine pituitary extract (Invitrogen Life Sciences, Waltham, MA), 100 U/mL penicillin, 100 μg/mL streptomycin, and 5% FCS. MG‐132, cycloheximide (CHX), Cryptotanshinone (Crypt), S3I‐201, ENZ, Abi, IL6, and AG490 were purchased from (Sigma Aldrich).

Our newly established prostate tumorigenesis model has become attractive in drug discovery. The stepwise tumorigenesis model consists of the prostate primary epithelial EP156T cells, mesenchymal nontransformed EPT1, premalignant EPT2, primary tumor derived EPT3‐PT1 and metastasis‐derived EPT3‐M1 cells. The STAT3‐activated EPT3‐M1 cells were isolated by FACS and formed tumors with much higher efficiency than the larger STAT3 negative cell population, demonstrating that STAT3‐activated cells are tumor initiating cells.[19](#prp2437-bib-0019){ref-type="ref"}

2.2. MTS assay {#prp2437-sec-0004}
--------------

LNCaP, 22Rv1, EPT3‐M1‐STAT3, EPT2‐D5‐miR146a cells were seeded in 96‐well plates for 24 hours followed by treatment with different doses of 154. MTS assay was done after 3 days by adding 10 μL/well CellTiter 96^®^ AQueous One Solution Reagent (Promega, Madison, WI) for 4 hours and the absorbance at 490 nm recorded using a Biotek machine.

2.3. Plasmids and transfection {#prp2437-sec-0005}
------------------------------

LNCaP and human embryonal kidney (HEK) 293T cells were transiently transfected with Cignal AR Reporter (CCS‐1019L) (SABioscience, Qiagen, Venlo, Netherlands) plus or minus an AR expressor pLENTI7.3/V5‐DEST AR vector, or STAT3 reporter (SABioscience, Qiagen), or ARv567es construct (from Dr. Stephen Plymate, University of Washington, Seattle, USA[14](#prp2437-bib-0014){ref-type="ref"}) using Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific, Waltham, MA) for 24 hours, following treatment with 1 nmol/L R1881 and the indicated concentrations of 154 or ENZ.

MCF7 cells were cultured in phenol red‐free DME medium with 10% charcoal‐stripped FCS in one 96‐well plate for 24 hours. Cells were transfected with 100 ng/well Cignal GRE Reporter (CCS‐006L) or Cignal ERE Reporter (CCS‐005L) (SABioscience, Qiagen) for 16 hours, then treated with different doses of 154 or ENZ with or without 100 nmol/L dexamethasone, 10 nmol/L 17β‐estradiol (E2), respectively, for 6 hours. Alternatively, MCF7 cells were transfected with 100 ng/well Cignal PR Reporter (CCS‐6043L) (SABioscience, Qiagen) for 16 hours, then treated with different doses of 154 or ENZ plus or minus 10 nmol/L progesterone for 18 hours.

Luciferase activity was measured by the Dual Luciferase Assay Kit (Promega) using a Luminescence Microplate Reader (BioTek, Winooski, VT). Values were normalized to Renilla luciferase activity of DMSO vehicle. FLAG‐AR‐NTD plasmid, AR‐1‐558‐Gal4DBD and 5xGal4UAS‐TATA‐luciferase vectors were kind gifts from Dr. Marianne Sadar (University of British Columbia, Vancouver, Canada[7](#prp2437-bib-0007){ref-type="ref"}) and FLAG‐tagged STAT3 plasmid from Dr. Saïd M. Sebti (H. Lee Moffitt Cancer Center and Research Institute, FL, USA[20](#prp2437-bib-0020){ref-type="ref"}) and were transfected into LNCaP cells as described above.

Our lab has established a fast track androgen receptor response element (ARE) reporter system with an internal normalization system of ARE driven mCherry fluorescent signals.[21](#prp2437-bib-0021){ref-type="ref"} The virus particles were generated by transfecting CS‐GS241B‐mCHER‐Lv207‐01 and HIV packaging mix in HEK 293T lentiviral packaging cell line (GeneCopoeia™, Richmond, CA, Cat. No. HPK‐LvTR‐20). The lentiviral particles in the supernatant were harvested 48 and 72 hours post transfection and treated with Lenti‐Pac™Lentivirus Concentration Solution (GeneCopoeia™, Cat. No. LPR‐LCS‐01). LNCaP cells were infected with harvested lentiviral particles combined with polybrene at a final concentration of 8 μg/mL. Cells were incubated with fresh medium at 37°C for 48 hours. The infected cells were grown with 12.5 μg/mL hygromycin and stably transduced LNCaP‐207‐01 cells were selected.

2.4. PSA level detection {#prp2437-sec-0006}
------------------------

The supernatant of LNCaP cells were centrifuged at 12 000*g* for 1 minute at room temperature, then 0.5 mL of supernatants were quantified via the Elecsys total PSA assay (04641655160, Roche Diagnostics, Rotkreuz, Switzerland) in a Cobas analyzer (Roche, Basel, Switzerland) at the accredited laboratory of Clinical Biochemistry (LKB) Haukeland University Hospital, Bergen, Norway. The linear range of PSA detection is from 0.003 to 100 ng/mL in this assay.

2.5. Multi‐plate fluorescence reader {#prp2437-sec-0007}
------------------------------------

LNCaP‐207‐1 cells were cultured in RPMI 1640 medium with 10% charcoal‐stripped FCS. At 90% confluency, cells were stimulated with 1 nmol/L R1881. Simultaneously different doses of 154 compound, ENZ or Abi were added for 24 hours, respectively. Then cells were analyzed for fluorescence signals by Synergy H1 Hybrid Reader (BioTek) using Gen5 software (BioTek). The excitation was set at 584 nm and emission at 610 nm for mCherry signals, and 470 nm and emission at 509 nm for GFP signals.

2.6. Flowcytometry {#prp2437-sec-0008}
------------------

LNCaP‐207‐1 cells were grown with RPMI 1640 containing 10% charcoal‐stripped FCS. Treatment started on the second day and after 24 hours the cells were harvested, washed twice with PBS and mixed with 400 μL PBS for further detection. Then the samples were immediately analyzed on the LSRFortessa cytometer (BD Biosciences, Heidelberg, Germany). All analyses were performed with FlowJo software (Tree Star, Ashland, OR). 1% events were accepted as false‐positive in the negative controls for all the experiments.

2.7. DARTS assay {#prp2437-sec-0009}
----------------

LNCaP cell were lysed with cold M‐PER buffer (Thermo Fisher Scientific, Pierce cat. no. 78501) containing protease inhibitors (Roche, cat. no. 11836153001) and phosphatase inhibitors (Pierce cat. no. 78420) and centrifuged (18 000*g* for 10 minutes at 4°C). Lysates were diluted to the same final volume and proteolyzed in TNC buffer (50 mmol/L Tris HCl \[pH 8.0\], 50 mmol/L NaCl, 10 mmol/L CaCl~2~). 500 μmol/L 154 or the same volume of DMSO were added and incubated for 1 hour at RT. Pronase solution (1.25 mg/mL) was diluted serially by mixing with 1X TNC buffer to create 1:300, 1:1000, 1:3000, and 1:10 000 Pronase stock aliquots. Pronase was added into both DMSO and drug groups and incubated for 30 minutes at RT. Digestion was stopped by adding 4X loading buffer and heating to 90°C for 10 minutes immediately prior to the western blot assay according to publications.[22](#prp2437-bib-0022){ref-type="ref"}, [23](#prp2437-bib-0023){ref-type="ref"}

2.8. DNA microarray {#prp2437-sec-0010}
-------------------

This method has been described previously.[19](#prp2437-bib-0019){ref-type="ref"} Total RNA was isolated and tested for RNA integrity by 1% agarose gel electrophoresis, then converted to Cy3‐labeled cRNA targets and hybridized to Agilent Whole Human Genome 44k Microarrays (Cat.no. G4845A, Agilent Technologies, Santa Clara, CA). Samples were analyzed by the Agilent Microarray Scanner Bundle. Microarray data were analyzed by J‐Express software.[24](#prp2437-bib-0024){ref-type="ref"} We used mean spot signals as intensity measure, normalized the expression data over the entire arrays and log2‐transformed and considered genes changed more than 2.0 fold with FDR value \<5% as differentially expressed genes. The ArrayExpress ID for the cell lines is E‐MTAB‐5102.

2.9. Immunofluorescence staining {#prp2437-sec-0011}
--------------------------------

EPT3‐PT1‐AR (6.3) cells were stably transfected with a reporter vector where mCherry expression was driven by an ARE‐containing promoter region and seeded in Ham\'s F‐12 medium with 10% FCS for 24 hours. EPT3‐PT1‐AR (6.3) or VCaP cells were treated with DMSO, 154 (1 μmol/L), ENZ (10 μmol/L) in the presence or absence of R1881 (1 nmol/L) for 24 hours. Cells were fixed with 4% paraformaldehyde, and mounted onto Millipore microscope slides with 7 μL of ProLong^®^ Gold Antifade Mountant (Thermo Fisher Science, Waltham, MA) with DAPI. Images were examined using the LeicaDMRBE microscope or Cytation5 Cell Imaging Multi‐Mode Reader.

2.10. Reverse transcriptase and qPCR gene expression analysis {#prp2437-sec-0012}
-------------------------------------------------------------

LNCaP cells were seeded in six‐well plates. 1 μmol/L 154, 10 μmol/L ENZ plus, or minus 1 nmol/L R1881 were added into the relevant wells for 24 hours. Then 700 μL of Trizol were added into each well and RNA was extracted using the RNeasy Mini kit (Qiagen) according to the manufacturer\'s instructions. Reverse transcription and real‐time quantitative PCR (qPCR) were done as described.[19](#prp2437-bib-0019){ref-type="ref"} The TaqMan assays used for qPCR of human AR (Hs00985639_m1), PSA (Hs00169842_m1), TMPRSS2, and β‐actin (Hs99999903_m1) were obtained from Applied Biosystems (Thermo Fisher Scientific).

2.11. Western blot analysis {#prp2437-sec-0013}
---------------------------

The levels of expression of phosphorylated STAT3 (Y705), AR, and PSA proteins were determined by western blotting following the procedures described.[25](#prp2437-bib-0025){ref-type="ref"} The following antibodies from Abcam, Cambridge, UK, were used in western blotting: anti‐phospho‐STAT3 (Tyr705) (ab76315); total STAT3 (ab119352); anti‐phospho‐STAT1 (Tyr701) (ab30645); total STAT1 (ab119352); β‐actin (ab8226); GAPDH (ab181602); FLAG (ab1162); AR V7 (ab198394); TATA binding protein TBP (ab51841); AR (ab133273); PSA (ab53774); and AR N20 (Santa Cruz Biotech, Santa Cruz, CA, sc‐816).

2.12. Co‐immunoprecipitation {#prp2437-sec-0014}
----------------------------

LNCaP cells were transfected with 200 μg/T75 flask FLAG‐STAT3 and 200 μg/T150 flask FLAG‐AR‐NTD plasmids for 24 hours, followed by 1 μmol/L 154, 10 μmol/L Crypt with or without 50 ng/mL IL6 for 6 hours. LNCaP cells were collected in the medium and centrifuged at 800*g* for 5 minutes, then washed with cold PBS twice before adding into the cells soft RIPA buffer (PBS, 1% sodium deoxycholate, 20 mmol/L sodium molybdate, 50 mmol/L NaF, 25 mmol/L β‐glycerophosphate \[Sigma Aldrich\], 1 mmol/L EDTA, 1% Nonidet P‐40, and protease and phosphatase inhibitor cocktail \[Roche, 11836153001\]). Cell lysates were passed several times through a 27 1/2‐gauge needle to disrupt nuclei. Extracts were precleared with 2 μL anti‐mouse IgG (Sc‐2025) and 30 μL Protein G beads (Life Technologies, Waltham, MA, 10004D) to reduce the amount of the IgG chain, supernatant were collect with magnet and immunoprecipitated (IP) with 2 μL STAT3 (Abcam ab119352, 1 μL/mg protein) and 80 μL Protein G beads overnight at 4°C on a rotator. Beads were boiled at 95°C for 5 minutes and supernants were collected with magnet and then subjected to immunoblotting.

2.13. Compliance with design and statistical analysis requirements {#prp2437-sec-0015}
------------------------------------------------------------------

All experiments were conducted for at least three times. Significance in groups (n = at least 3) was determined by two‐tailed Student\'s *t* test or statistical analysis of microarrays for microarray data and \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001 were considered significant.

The density of each protein band corresponding to its signal intensity was normalized to β‐actin or GAPDH and quantified by using the software ImageJ (NIH, Bethesda, MD).

3. RESULTS {#prp2437-sec-0016}
==========

3.1. Compound 154 is a dual modulator of the IL6/STAT3 and AR pathways {#prp2437-sec-0017}
----------------------------------------------------------------------

In a screen of 600 natural compounds, cinobufagin‐3‐acetate (compound 154) was found to efficiently inhibit the proliferation of STAT3‐activated cells (EPT3M1‐STAT3) and human prostate tumor cells (LNCaP, 22Rv1, and EPT2‐D5‐miR146a) in a dose‐dependent manner after treatment for 24 hours (Figure [1](#prp2437-fig-0001){ref-type="fig"}A, [Figure S1](#prp2437-sup-0001){ref-type="supplementary-material"}). Here we sought to determine whether 154 was able to suppress STAT3 phosphorylation and activation. To confirm the inhibitory effect of 154 on STAT3 activity, the luciferase reporter assay was carried out using a STAT3‐luciferase vector in HEK 293T cells, following treatment with 154 or AG490 (a JAK2 inhibitor) in the presence of IL6 for 24 hours (Figure [1](#prp2437-fig-0001){ref-type="fig"}B). 154 reduced STAT3 transcriptional activity dose‐dependently with IL6. Then we tested the effect of 154 on STAT3 in the STAT3 activated cells EPT3‐M1‐STAT3, a cell line known to possess high basal level of STAT3.[19](#prp2437-bib-0019){ref-type="ref"} As shown in Figure [1](#prp2437-fig-0001){ref-type="fig"}C, treatment with 154 for 24 hours inhibited the phosphorylation of STAT3 on Tyr705. Figure [1](#prp2437-fig-0001){ref-type="fig"}D shows that 154 could selectively lead to a time‐dependent reduction of STAT3 activity. These findings suggest that 154 is a small molecule inhibitor of STAT3 signaling.

![Compound 154 co‐targets IL6/STAT3 and AR pathway. A, Chemical structure of 154 (cinobufagin‐3‐acetate; CAS No. 4026‐97‐5; C28H36O7; molecular weight 484.25). B, 293T cells transfected with STAT3 promoter luciferase reporter were treated with indicated doses of compound 154 or AG490 with 10 ng/mL IL6 for 24 h. Luciferase assays were conducted to test if 154 affects STAT3 transcriptional activity. All data are represented as the average ± SEM (n = 3). Significance was verified by using unpaired two‐tailed Student\'s *t* test. \**P *≤* *0.05, \*\**P *≤* *0.01, \*\*\**P *≤* *0.001. Each group was compared with the group of IL6 treatment. C, EPT3M1‐STAT3 cells were treated in the presence or absence of 154 (0.25, 0.5, 1 μmol/L), AG490 (10 μmol/L) or enzalutamide (10 μmol/L) for 24 h. D, EPT3M1‐STAT3 cells were treated with 1 μmol/L 154 for the indicated times. Signal intensity was quantified with ImageJ (NIH). pSTAT3 level was normalized to β‐actin and fold change relative to control was calculated by using pSTAT3/β‐actin ratio. E, LNCaP cells were transfected with pLENTI7.3/V5‐DEST‐AR vector and Cignal ARE Reporter for 24 h, then treated with 154, AG490 or enzalutamide in the absence or presence of R1881 for 24 h. All data are represented as the average ± SEM (n = 3). Significance was verified by using unpaired two‐tailed Student\'s *t* test. \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001. Each group was compared to the group of R1881 (1 nmol/L) treatment. F, Agilent microarray gene expression data. LNCaP cells were treated with 0.4 or 1 μmol/L 154 for 24 h. The lower rows show suppressed genes, and the upper rows show genes induced by 154. DMSO treatment was used as a control. G, LNCaP cells were treated with either 1 μmol/L 154 or enzalutamide (10 μmol/L) in the presence of 1 nmol/L R1881 for 24 h. Real‐time qPCR was utilized to analyze the effect of 154 on the AR target genes. DSMO treated cells were used as the calibrator. All data are represented as the average ± SEM (n = 3). Significance was verified by using unpaired two‐tailed Student\'s *t* test. \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001](PRP2-6-e00437-g001){#prp2437-fig-0001}

To examine the ability of 154 to affect transcriptional activity of the AR, LNCaP cells were cultured in charcoal‐stripped FCS RPMI‐1640 medium for 48 hours and cotransfected with an AR expressor pLENTI7.3/V5‐DEST AR vector and ARE reporter.[21](#prp2437-bib-0021){ref-type="ref"} The ARE luciferase activity in LNCaP cells was significantly activated by the synthetic androgen R1881 and could be blocked by compound 154 with similar effect as ENZ. The JAK2 inhibitor AG490 did not change ARE luciferase activity (Figure [1](#prp2437-fig-0001){ref-type="fig"}E). To test if 154 could affect the AR target gene expression, we treated LNCaP cells with 154 followed by real‐time quantitative PCR (qPCR) and microarray assays. Compound 154 at 0.4 and 1 μmol/L repressed several AR target genes, such as *NKX3.1*,*KLK3,* and *FKBP5* according to Agilent microarray assays (Figure [1](#prp2437-fig-0001){ref-type="fig"}F). Compound 154 downregulated mRNA levels of androgen‐induced *KLK3* (PSA) and *TMPRSS2* according to quantitative real‐time PCR (qPCR) (Figure [1](#prp2437-fig-0001){ref-type="fig"}G). The results suggest that 154 may be an AR pathway modulator and inhibitor.

To determine whether 154 is a selective AR pathway inhibitor, we examined the effect of compound 154 on three other nuclear luciferase reporters, progesterone receptor (PR), estrogen receptor (ER), and glucocorticoid receptor (GR). Here we chose MCF7 cells to determine the selectivity of compound 154 on PR, ER, and GR, because it is reported that MCF7 cells are ERα+/PR+/AR+ cells with weak expression of GR.[26](#prp2437-bib-0026){ref-type="ref"} Figure [2](#prp2437-fig-0002){ref-type="fig"}A‐C shows that 154 is also a PR pathway modulator, but does not affect ER or GR pathways in MCF7 cells, indicating that 154 is a selective modulator. In order to test the effect of 154 on secreted PSA levels in LNCaP cells, supernatants were collected and tested after treatment with 154 or ENZ for 24 hours. In Figure [2](#prp2437-fig-0002){ref-type="fig"}D, 154 dramatically reduced the level of PSA in LNCaP cells compared to ENZ, even at the very low concentration 0.125 μmol/L. The results confirm the AR inhibitory activity of compound 154.

![Compounds 154 is a selective AR inhibitor. MCF7 cells were cultured in 96‐well plates. A, MCF7 cells were transfected with 100 ng/well Cignal PR Reporter for 16 h, then treated with different doses of 154 or 10 μmol/L enzalutamide without (DMSO vehicle) or with 10 nmol/L progesterone for 18 h. B, MCF7 cells were transfected with 100 ng/well Cignal ERE Reporter or (C) Cignal GRE Reporter for 16 h, then treated with different doses of 154 or enzalutamide with or without 100 nmol/L dexamethasone, 10 nmol/L 17β‐estradiol (E2), respectively, for 6 h. D, LNCaP cells were cultured for 48 h, then treated with different doses of 154 or enzalutamide for 24 h, supernatants were collected for PSA measurements. All data are represented as the average ± SEM (n = 3). Significance was verified by using unpaired two‐tailed Student\'s *t* test. \**P *≤* *0.05](PRP2-6-e00437-g002){#prp2437-fig-0002}

3.2. 154 reduces AR protein expression without altering AR mRNA level {#prp2437-sec-0018}
---------------------------------------------------------------------

AR protein remains crucial during PCa progression. AR mutations contribute to PCa development and lead to CRPC. First, we tested the effect of 154 on AR protein levels. Figure [3](#prp2437-fig-0003){ref-type="fig"}A shows that 154 reduced AR protein expression in a dose‐dependent manner in LNCaP cells. 154 decreased AR in the absence or presence of 1 nmol/L R1881 at 24 hours. A time‐course of treatment with 1 μmol/L 154 in LNCaP (Figure [3](#prp2437-fig-0003){ref-type="fig"}B) and 22Rv1 (Figure [3](#prp2437-fig-0003){ref-type="fig"}C) cells showed that downregulation of AR protein started at 8 hours. Figure [3](#prp2437-fig-0003){ref-type="fig"}D shows that 154 treatment did not affect AR mRNA levels in 22Rv1 cells.

![Compound 154 lowers AR protein levels. A, LNCaP cells treated with 0.25‐1 μmol/L 154 or 1 nmol/L R1881 for 24 h. B, LNCaP cells treated with 1 μmol/L 154 for the indicated times. C, 22Rv1 cells treated with 1 μmol/L 154 for the indicated times. D, 22Rv1 cells treated with 1 μmol/L 154 for the indicated time and then subjected to real‐time qPCR. All data are represented as the average ± SEM (n = 3). Significance was verified by using unpaired two‐tailed Student\'s *t* test. \**P *≤* *0.05. Each group was compare to the first group (Time = 0). E, LNCaP cells treated with 1 μmol/L 154 for 20 h, then co‐incubated with 10 μmol/L MG132 for 4 h. F, 22Rv1 cells treated with 1 μmol/L 154 with or without 50 μg/mL cycloheximide (CHX) at the same time and incubated for the indicated times. Signal intensity was quantified with ImageJ (NIH). AR or FL‐AR level was normalized to β‐actin and fold change relative to control was calculated by using AR/β‐actin or FL‐AR/β‐actin ratio](PRP2-6-e00437-g003){#prp2437-fig-0003}

Next, we investigated whether the mechanism of AR downregulation by 154 was via an increase in the rate of AR degradation. The MG132 proteasome inhibitor did not prevent protein loss (Figure [3](#prp2437-fig-0003){ref-type="fig"}E), indicating that the molecular basis for this decline was not increased proteasome‐mediated AR degradation. To directly address whether 154 increased the rate of AR degradation in 22Rv1 cells, we used CHX to block new protein synthesis in a pulse‐chase assay. However, AR protein half‐life in 22Rv1 cells, was not decreased by 154, demonstrating that 154 did not directly enhance AR degradation (Figure [3](#prp2437-fig-0003){ref-type="fig"}F). The data suggest that 154 reduced the rate of AR synthesis.

Constitutively active AR splice variants include ARv567es and AR‐V7 which are important to CRPC development. We examined whether 154 changed the level of these two AR active splice variants in LNCaP or 22Rv1 cells. Figure [4](#prp2437-fig-0004){ref-type="fig"}A shows that 154 significantly reduced AR transcriptional activity in the presence or absence of ARv567es in LNCaP cells, while ENZ only works in the absence of ARv567es (Figure [4](#prp2437-fig-0004){ref-type="fig"}A left). Western blot analysis using an antibody against the AR NTD confirmed the approximate 1:1 ratio of FL‐AR to ARv567es in whole cell lysates of LNCaP cells treated with 154, ENZ and Abi (Figure [4](#prp2437-fig-0004){ref-type="fig"}B). As shown in Figure [4](#prp2437-fig-0004){ref-type="fig"}C, 154 decreased AR‐V7 expression in 22Rv1 cells in contrast to ENZ. Thus, 154 selectively inhibits constitutively active AR splice variants ARv567es and AR‐V7.

![154 inhibits constitutively active AR splice variants ARv567es and AR‐V7. A, ARE‐luciferase activity in LNCaP cells with endogenous FL‐AR (left) or with both FL‐AR and transfected ARv567es (right) in the presence of ARE construct with or without 10 μmol/L enzalutamide or 1 μmol/L 154. B, LNCaP cells transfected with empty vector (left) or ARv567es (right) were treated with 10 μmol/L enzalutamide, cryptotanshinone or 1 μmol/L 154 for 24 h. Proteins were detected using the AR‐N20 antibody. All data are represented as the average ± SEM (n = 3). Significance was verified by using unpaired two‐tailed Student\'s *t* test. \**P* ≤ 0.05, \*\**P* ≤ 0.01. Signal intensity was quantified with ImageJ (NIH). FL‐AR level was normalized to GAPDH and fold change relative to control was calculated by using FL‐AR/GAPDH ratio. C, 22Rv1 cells were treated with 10 μmol/L enzalutamide, abiraterone, cryptotanshinone or 1 μmol/L 154 in the presence or absence of 1 nmol/L R1881 for 24 h. Proteins were detected using AR‐V7 antibody. Signal intensity was quantified with ImageJ (NIH). ARV7 level was normalized to GAPDH and fold change relative to control was calculated by using AR V7/GAPDH ratio](PRP2-6-e00437-g004){#prp2437-fig-0004}

3.3. 154 does not reduce AR nuclear translocation {#prp2437-sec-0019}
-------------------------------------------------

AR translocation from cytoplasm to nucleus is a key step of AR pathway regulation.[27](#prp2437-bib-0027){ref-type="ref"} To examine if 154 reduces AR nuclear translocation and thereby affects the binding of AR to ARE, EPT3‐PT1‐AR (6.3) cells were established and treated with ENZ or 154 with R1881 for 24 hours. ENZ treatment impaired AR nuclear translocation that was induced by R1881 (Figure [5](#prp2437-fig-0005){ref-type="fig"}A). 154 did not remarkably alter the ratio of cytoplasmic and nuclear AR (Figure [5](#prp2437-fig-0005){ref-type="fig"}A).Western blot further confirmed that 154 did not reduce AR nuclear translocation that was triggered by R1881 in LNCaP cells (Figure [5](#prp2437-fig-0005){ref-type="fig"}B), which is different from AR antagonists like ENZ and ARN509.

![154 does not prevent AR nuclear translocation. A, Fluorescence microscopy representative results. EPT3‐PT1‐AR (6.3) cells were treated with 1 μmol/L 154 or 10 μmol/L enzalutamide plus 1 nmol/L R1881 or DMSO control for 24 h. B, LNCaP cells were pretreated for 4 h with 1 μmol/L 154 or 10 μmol/L enzalutamide before addition of 1 nmol/L R1881 or DMSO control for 1 hr. Signal intensity was quantified with ImageJ (NIH). AR or PSA level was normalized to β‐actin and fold change relative to control was calculated by using AR/β‐actin ratio](PRP2-6-e00437-g005){#prp2437-fig-0005}

3.4. 154 as an antagonist of the AR NTD {#prp2437-sec-0020}
---------------------------------------

EPI 001 was the first compound that targeted the disordered domain of the AF‐1 region of the AR NTD and inhibited AR transcriptional activity regardless of other AR domains.[7](#prp2437-bib-0007){ref-type="ref"}, [28](#prp2437-bib-0028){ref-type="ref"} ENZ binds to the AR LBD to compete with androgens like R1881.[29](#prp2437-bib-0029){ref-type="ref"} In order to test whether 154 could compete with R1881 as an AR LBD inhibitor, we tested the effect of increasing doses of R1881 in the presence of 1 μmol/L 154 on AR transcriptional activity and AR and PSA protein expression. In Figure [6](#prp2437-fig-0006){ref-type="fig"}A, the ability of ENZ to block AR activity was dramatically reduced at high concentrations of R1881. However, 154 inhibited AR activity consistently, regardless of increasing levels of R1881 in both LNCaP (Figure [6](#prp2437-fig-0006){ref-type="fig"}A, left) and 293T (Figure [6](#prp2437-fig-0006){ref-type="fig"}A, right) cells. As exemplified in Figure [6](#prp2437-fig-0006){ref-type="fig"}B, it was further confirmed that 154 still reduced both AR and PSA protein levels even at 50 nmol/L R1881, while ENZ did not. These data support that 154 does not compete for binding to the AR LBD.

![Compound 154 is an AR NTD inhibitor in LNCaP cells. A, LNCaP (left) and 293 (right) cells were co‐transfected with pLENTI7.3/V5‐DEST‐AR vector and ARE luciferase reporter for 24 h, then treated with 1 μmol/L 154, 10 μmol/L enzalutamide with or without increasing concentrations of R1881 for 24 h. B, LNCaP cells were treated with 1 μmol/L 154, 10 μmol/L enzalutamide with or without increasing concentrations of R1881 for 24 h. Signal intensity was quantified with ImageJ (NIH). AR level was normalized to TBP or β‐actin and fold change relative to control was calculated by using AR/TBP or AR/β‐actin ratio. C, AR NTD transactivation assay of LNCaP cells, transfected with 100 ng/well 5xGal4UAS‐TATA‐luciferase and 2 μg/well AR‐(1‐558)‐Gal4 DBD plasmid for 24 h, followed by incubation with 50 ng/mL IL6 or 50 μmol/L forskolin (FSK) or 1 μmol/L 154 for 24 h. All data are represented as the average ± SEM (n = 3). Significance was verified by using unpaired two‐tailed Student\'s *t* test. \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001](PRP2-6-e00437-g006){#prp2437-fig-0006}

The ability of 154 to inhibit transactivation of the AR NTD was tested in LNCaP cells cotransfected with an expression vector of a chimeric protein encoding amino acids 1‐558 of the human AR NTD fused to the Gal4DBD with a reporter gene containing the Gal4‐binding site. Androgen and the antiandrogen ENZ have no effect on this chimera due to lack of the AR LBD in the Gal4DBD‐AR1‐558 chimera. 154 reduced both IL6‐induced and forskolin (FSK, Figure [6](#prp2437-fig-0006){ref-type="fig"}C) induced transactivation of the AR NTD to baseline levels. Thus, 154 inhibits AR activity stimulated by both IL6 and FSK related pathways.

Hormone sensitive VCaP, 22Rv1, and LNCaP cells were found to harbor abundant AR NTD expression compared to no expression in the hormone insensitive cell line DU145 and very low expression in the EPT3‐M1 cells with high STAT3 level (Figure [7](#prp2437-fig-0007){ref-type="fig"}A). In both 22Rv1 (Figure [7](#prp2437-fig-0007){ref-type="fig"}A, middle) and VCaP (Figure [7](#prp2437-fig-0007){ref-type="fig"}A, right) cells, 154 reduced the expression of AR NTD. Interestingly, ENZ enhanced the level of AR variants in 22Rv1 cells, but reduced the AR NTD in VCaP cells. This has been illustrated previously[13](#prp2437-bib-0013){ref-type="ref"} and might be associated with drug resistance in mCRPC. Figure [7](#prp2437-fig-0007){ref-type="fig"}B shows that 154 treatment lowered the AR NTD signal activity in VCaP cells compared to ENZ, Crypt, or vehicle treatment, consistent with Western blot data. Taken together, 154 is an AR NTD inhibitor.

![Compound 154 is an antagonist of the AR NTD in other prostate cancer cell lines. A, AR NTD protein expression analyzed by AR‐N20 antibody in different cell lines (left). 22Rv1 (middle) and VCaP cells (right) were treated with 0.5, 1 μmol/L 154, 10 μmol/L enzalutamide, 10 μmol/L abiraterone, 10 μmol/L cryptotanshinone, or vehicle for 24 h. Signal intensity was quantified with ImageJ (NIH). FL‐AR (left, middle) or AR‐N20 (right) level was normalized to GAPDH and fold change relative to control was calculated by using FL‐AR/GAPDH or AR‐N20/GAPDH ratio. B, Indirect immunofluorescence assay of VCaP cells treated with 1 μmol/L 154, 10 μmol/L enzalutamide, 10 μmol/L cryptotanshinone or vehicle for 24 h using the anti‐AR‐N20 antibody](PRP2-6-e00437-g007){#prp2437-fig-0007}

3.5. 154 disrupts the association between STAT3 and AR NTD {#prp2437-sec-0021}
----------------------------------------------------------

To directly address if 154 targets AR and STAT3 protein, drug affinity responsive target stability (DARTS) assay was used for target identification which is based on the principle that the targeted protein bound by drugs will be more resistant against proteases. Western blotting showed protection of the target protein AR, whereas digestion of the nontarget proteins STAT3 and β‐actin was unchanged by 154. This suggests that 154 targets AR directly (Figure [8](#prp2437-fig-0008){ref-type="fig"}A).

![154 impairs the association between STAT3 and AR NTD. A, Left panels show DARTS. LNCaP cell lysates were prepared as described in,[23](#prp2437-bib-0023){ref-type="ref"} incubated with 500 μmol/L 154 or an equivalent amount of vehicle (DMSO) for 1 hr, followed by digestion with Pronase with protein ratios of 1:10 000, 1:3000, 1:1000, 1:300, and 1:100 for 30 min. Then the samples were subjected to western blotting with antibodies against AR (ab133273, 1:1000), STAT3 (ab119352, 1:2500), or β‐actin (ab8226, 1:2000), D = DMSO. Signal intensity was quantified with ImageJ (NIH). AR level was normalized to β‐actin and fold change relative to control was calculated by using AR/β‐actin ratio. B and C, LNCaP cells were transfected with FLAG‐STAT3 and FLAG‐AR‐NTD plasmids and were treated with 1 μmol/L 154 or 10 μmol/L abiraterone in the presence or absence of IL6 (50 ng/mL) for 4 h (B) or 6 h (C). Extracts were immunoprecipitated (IP) with STAT3‐antibody (ab119352) or negative control IgG and immunoblotting (IB) was done with the anti‐AR N20 antibody (Sc‐816, 1:1000) and anti‐STAT3 (ab119352, 1:5000). D, The proposed mechanism of compound 154 on dual STAT3 and AR pathway signaling[17](#prp2437-bib-0017){ref-type="ref"}](PRP2-6-e00437-g008){#prp2437-fig-0008}

It is reported that STAT3 interacts with AR NTD at amino acids 234‐558 in LNCaP cells after exposure to IL6 for 6 hours.[30](#prp2437-bib-0030){ref-type="ref"} According to our study, 154 inhibited both the IL6/STAT3 and AR pathways. Based on this, we proposed the hypothesis that the series of changes caused by 154 in the AR pathway mainly relies on the association between IL6‐activated STAT3 and AR NTD. In order to investigate this possibility, we transiently transfected LNCaP cells with FLAG‐STAT3 plasmid and FLAG‐AR‐NTD plasmid and next stimulated with IL6 for 4 hours (Figure [8](#prp2437-fig-0008){ref-type="fig"}B) and 6 hours (Figure [8](#prp2437-fig-0008){ref-type="fig"}C), respectively, and then immunoprecipated with anti‐STAT3 antibody to pull down STAT3 associated proteins, which were subjected to the western blot and anti‐AR N20 antibody incubation. Both Figure [8](#prp2437-fig-0008){ref-type="fig"}B and C, indicate the association between STAT3 and AR NTD. 154 could downregulate the IL6‐activated association, whereas the STAT3 inhibitor S3I‐201 did not (Figure [8](#prp2437-fig-0008){ref-type="fig"}B). Of note, inhibitor treatment for these experiments was for shorter time than required to reduce the level of AR protein. Therefore, this experiment confirmed that 154 firstly disrupted the association between STAT3 and AR NTD within 4 hours, followed thereafter by reduced expression of AR protein, including AR NTD.

To sum up (Figure [8](#prp2437-fig-0008){ref-type="fig"}D), compound 154 reduced phosphorylation of STAT3 at Tyr705 within 2 hours in cells, which results in downregulation of the STAT3 pathway. It is reported that phosphorylated STAT3 at Ser727 and STAT3 could directly interact with the NTD of the AR,[17](#prp2437-bib-0017){ref-type="ref"} which contains the major transactivation function of AR. Therefore, downregulation of phosphorylated STAT3 by 154 caused AR pathway downregulation through STAT3‐AR‐NTD dissociation within 4 hours.

3.6. 154 treatment decreases the ability to form colonies {#prp2437-sec-0022}
---------------------------------------------------------

To determine the antitumor activities of 154, we analyzed its effect in in vitro clonogenic assays. In vitro clonogenic assays correlate well with in vivo assays of tumorigenicity in nude mice.[31](#prp2437-bib-0031){ref-type="ref"} Figure [9](#prp2437-fig-0009){ref-type="fig"}A shows that clonogenicity of three cancer lines, DU145, EPT3M1‐STAT3, and LNCaP cells, was reduced in a concentration‐dependent manner after exposure to 154. Cell cytotoxic effect of 154 was further analyzed by fluorescence signal intensity in EPT2‐D5 miR146a cells with CMV promoter‐driven miR146. 154 did not alter the fluorescence signal activity detected by the multi‐plate reader (Figure [9](#prp2437-fig-0009){ref-type="fig"}B) and the mCherry signal by indirect immunofluorescence microscopy analysis (Figure [9](#prp2437-fig-0009){ref-type="fig"}C). Furthermore, LNCaP‐207‐1 cells that contain ARE‐driven mCherry reporter and SV40 promoter driven constitutive GFP reporter were utilized to test whether the above effects of 154 in both IL6/STAT3 and AR pathways were due to its cytotoxicity. At 90% confluency, LNCaP‐207‐1 cells were stimulated with 1 nmol/L R1881, simultaneously different doses of 154 compound, ENZ or Abi were added for 24 hours. ARE‐reporter responses were analyzed by fluorescence microscopy ([Figure S2A](#prp2437-sup-0002){ref-type="supplementary-material"}), fluorescence multi‐plate reader ([Figure S2B](#prp2437-sup-0002){ref-type="supplementary-material"}) and flowcytometry ([Figure S2C](#prp2437-sup-0002){ref-type="supplementary-material"}). As shown in [Figure S2](#prp2437-sup-0002){ref-type="supplementary-material"}, 154 decreased the signals of ARE driven mCherry, but not of the SV40‐driven GFP fluorescence. This supports the specificity of 154 targeting.

![154 reduces cell clonogenicity. A, On the 2nd day after seeding, compound 154 was added and DU145, LNCaP, and EPT3M1‐STAT3 cells were allowed to grow for 2 weeks to form colonies and next stained with 0.4% crystal violet (w/v). EPT2‐D5‐miR146a cells were treated with different doses of 154 for 24 h. Fluorescence signals were analyzed by the multi‐plate reader (B) and indirect immunofluorescence microscopy analysis (C). All data are represented as the average ± SEM (n = 3). Significance was verified by using unpaired two‐tailed Student\'s *t* test. \**P* ≤ 0.05](PRP2-6-e00437-g009){#prp2437-fig-0009}

4. DISCUSSION AND CONCLUSIONS {#prp2437-sec-0023}
=============================

IL6 is a cytokine that activates STAT3 and contributes to growth regulation of several tumors.[32](#prp2437-bib-0032){ref-type="ref"} Overexpression of IL6 was found to correlate with increased metastasis[33](#prp2437-bib-0033){ref-type="ref"} and decreased survival[34](#prp2437-bib-0034){ref-type="ref"} in PCa patients.[17](#prp2437-bib-0017){ref-type="ref"} Constitutively active STAT3 also regulates the progression of PCa and plays a key role in drug resistance, tumor immunoescape, and chemoresistance.[35](#prp2437-bib-0035){ref-type="ref"} Recently, it was summarized that STAT3 is crucial to reactivation of AR, regulates interactions between tumor cells and the microenvironment in CRPC progression.[17](#prp2437-bib-0017){ref-type="ref"} Don‐Doncow et al[36](#prp2437-bib-0036){ref-type="ref"} analyzed 223 metastatic samples from 71 CRPC patients and found that 95% of metastases were positive for pSTAT3 and IL6R and with high STAT3 mRNA levels. Therefore, STAT3 is an attractive target for cancer therapy in advanced PCa. One STAT3 inhibitor, Galiellalactone, was reported to remarkably reduce tumor growth and downregulate metastatic spread of PCa cells to lymph nodes.[35](#prp2437-bib-0035){ref-type="ref"}

The progression of CRPC relies on AR pathway signaling.[37](#prp2437-bib-0037){ref-type="ref"} Strategies for direct targeting the AR pathway have been thoroughly investigated, including inhibition of AR protein levels or reducing AR nuclear translocation and AR target genes by binding of small molecules.[38](#prp2437-bib-0038){ref-type="ref"} These strategies have produced compounds with in vivo activity, such as the AR LBD inhibitor ENZ, the CYP17A1 inhibitor Abi, and the AR NTD inhibitor EPI‐001. However, AR gene amplification, mutations in the AR LBD or posttranslational modifications of AR can contribute to increasing AR responses to low levels of androgen, thereby enhancing AR reactivation in CRPC and drug resistance to AR LBD inhibitors or CYP17A1 inhibitors.[39](#prp2437-bib-0039){ref-type="ref"} Thus, combination therapies with agents that block other pathways, like dual targeting of both IL6/STAT3 and AR pathways, may be beneficial for CRPC patients by increasing efficacy of the therapy and reducing drug resistance. Meanwhile, as AR splice variants AR‐V7 or ARv567es are very weakly expressed in PCa cell lines, constructs of overexpression with AR‐V7 or ARv567es fused to fluorescent tag might be very useful for the further study.

This study identified, for the first time, a biologically active small molecule with dual targeting of both IL6/STAT3 and AR pathways and investigated its value for drug development against CRPC. We found that 154 was an antagonist of the AR NTD, could bind to AR directly, inhibited both AR and STAT3 transcriptional activity by disrupting the association between STAT3 and AR NTD. Furthermore, 154 downregulated the mRNA level of AR target genes, inhibited AR protein expression in a dose‐ and time‐dependent manner without altering AR mRNA level. Moreover, compound 154 did not reduce AR nuclear translocation.

Thus, 154 presents itself as a leading compound for dual inhibition of IL6/STAT3 and AR pathways, thereby providing a promising new PCa treatment modality. The cytotoxicity of 154 is quite high in several different cell lines and the side effect might also be higher in vivo. Thus, modification of 154 will be needed to reduce cytotoxicity. This study also suggests that STAT3 and AR might be active at the same promoters in an association which may serve as a therapeutic target in CRPC.
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